Wavelength tunable emitters and detectors in the mid
Introduction
Lead−chalcogenides, often called lead−salts, are narrow gap semiconductors with the NaCl structure and nearly symme− tric valence and conduction bands [1] . These IV-VI mate− rials have a very low Auger recombination rate which deter− mines the threshold in VECSELs [2] and the thermal noise in RCEDs. The bandgap and the refractive index of IV−VIs depend strongly on material composition and temperature. They can be engineered employing ternary alloys. Adding Eu or Sr shifts the cut−off to shorter, while addition of Sn shifts it to longer wavelengths [1, 3] . The achievable wave− length range extends from < 3 μm to > 20 μm. As with other semiconductor families, the refractive indices increase with decreasing bandgap. The bandgap also changes with tem− perature, but contrary to most other semiconductors, the cut−off wavelength increases with decreasing temperature. A temperature change from room temperature down to 100 K shifts, e.g., the cut−off wavelength of PbTe from 3 μm to 5.5 μm.
Narrow bandgap lead−salts have a very high refractive index (n > 5). In combination with low index layers like EuTe (n = 2.4) or BaF 2 (n = 1.45) Bragg mirrors (consisting of l/4 wavelength layer pairs with alternating high and low refractive indices) fabricated with these materials exhibit very high reflectivities with only a few pairs. This is a key feature for the realization of the devices described below, and at variance to Bragg mirrors with III-V type materials where a large number of pairs have to be employed in order to obtain reasonable reflectances.
The second key feature is the tolerance to defects: All layers are grown on lattice mismatched substrates like BaF 2 or Si. A large number of threading dislocations forms dur− ing growth. A typical density of these dislocations ending at the surface is 10 7 cm -2 . Shockley−Read recombination due to these defects typically determines the device noise level. However, even with these defects, useful devices are ob− tained [1] .
In the following, we describe resonant cavity enhanced detectors (RCEDs) and vertical external cavity surface emit− ting laser (VECSELs) operating at wavelengths between 3 μm and 7 μm. Both devices have not been realised up to now in this wavelength range by any other semiconductor material, but realization was possible with IV-VIs due to their special features.
The samples are grown by solid state molecular beam epitaxy (MBE). When growing on Si−substrates, there is, in addition to the lattice mismatch, a huge thermal expansion mismatch. This yields to an induced mechanical stress when cooling down from growth temperature to room tempera− ture or below. For (111) orientated lead−salts, this stress re− laxes by dislocation glide along the {100}−type glide planes [4] . These planes are inclined and therefore have a lateral component allowing the mechanical relaxation of the layer without adversely affecting the material quality. High qual− ity growth in (111) orientation is ensured by a very thin in− termediate layer of CaF 2 [5] . 
Resonant cavity enhanced detector (RCED)
An RCED consists of a cavity formed by two parallel mir− rors. Incoming radiation is multiply reflected and a standing wave pattern forms. Tunability is achieved by changing the cavity length with a movable top mirror thus changing the resonance wavelengths. The detected signal originates al− most exclusively from the resonances. This yields a high signal to noise ratio due to optical field enhancement ef− fects. The peak width (FWHM) of a resonance depends on the finesse of the cavity. Due to the multiple passes of the radiation within the cavity a high absorption and quantum efficiency can be achieved, even for a very thin absorber layer. This is a major advantage of a RCED in comparison to a conventional broadband photodetector coupled with a tunable passive band−pass filter. The thin absorber within the RCED has a much smaller volume in which noise can be generated, therefore a better signal to noise ratio results [6] . Figure 1 shows a schematic cross section of a device with a PbTe active layer. It is grown on a Si−substrate. Radia− tion passes through a PbSrTe buffer layer and a 2.5 pair Bragg mirror with alternating EuTe/PbSrTe layers of a quarter wavelength (l o /4) thickness of the design wave− length l o . The photovoltaic detector is formed by a PbTe/ PbSrTe p−n + −heterojunction with the PbTe absorber layer as thin as 30 nm. The top mirror is fabricated with MEMS technologies in a Si−wafer as shown in Fig. 2 [7] . It is actu− ated with a voltage applied to the electrodes and can be dis− placed up to > 3 μm. The total cavity length is about 15 μm. The 10 th resonance mode is used. Lower modes are ab− sorbed in the buffer, while higher modes lie above the cut−off wavelength of the detector. Figure 3 shows the spectral quantum efficiency at differ− ent actuation of the mirror. The peak shifts from 4.3 μm to 4.7 μm for a change of 2 μm of the cavity length. The width of the peak is about 35 nm. This width is already consider− ably larger compared to the calculated finesse of the cavity, it is mainly due to the rather large cone−angle of the mea− surement set−up [8] . By using ternary alloys (PbSrTe and PbSnTe) a wavelength range between 3.5 μm up to 7.5 μm was demonstrated [8, 18] .
The sensitivity of the device is limited by Shockley− −Read recombination at defects at lower operation tempera− tures (< 200 K). However, it works above the fundamental diffusion limit of an optimized "thick" detector with broad− band spectral sensitivity above 200 K (which is achievable with thermoelectric cooling) [6, 8] . This is because a thin de− tector has a much smaller active volume which generates noise. But it has still high quantum efficiency due to the many passes of a resonant photon in the cavity until it is ab− sorbed in the detector layer. In a broadband detector, a thickness of at least a minority carrier diffusion length is required to obtain good quantum efficiency. This leads to a considerably higher volume where noise is generated for such a thick absorber. 
Mid infrared resonant cavity detectors and lasers with epitaxial lead−chalcogenides

Vertical external cavity surface emitting laser (VECSEL)
We recently realized the first VECSEL emitting in the mid−IR [9] . This was achieved due to the special properties of IV-VI materials described above. To the best knowledge of the authors, no mid−IR VECSEL with wavelength above 3 μm has been described up to now using any other semi− conductor materials. GaAs and GaSb based III-V devices typically emit in the 800 to 2400 nm range, the longest wavelength described is 2800 nm [10, 11] . GaSb based interband cascade lasers [12] as well as quantum cascade la− sers are suited for still longer wavelengths [13] , however, they are edge emitters with corresponding very astigmatic high divergence angles.
Here we summarize some new results from mid−IR VECSEL emitting up to above room temperature and on Si−substrates. We employ a resonant design [14] with a one wavelength optical thickness of the active layer (PbSe or PbTe). The resonant cavity is formed between the bottom Bragg mirror and the top curved coupling mirror (Fig. 4) . Figure 5 shows spectra around room temperature (RT) for a structure with an active PbSe layer grown on BaF 2 [15] .
The device lases in pulsed mode up to above 40°C heat sink temperature. Note the broad tuning range due to the huge (positive) temperature coefficient of the band gap of narrow gap lead chalcogenides. The threshold power is about 15-30 W peak , and output power up to~10 mW near RT.
With growth on Si−substrates, we recently achieved RT operation, too. Here, a one wavelength thick PbTe layer was employed. At low temperature, up to 1.1 W p output power was obtained, and about 17 mW in continuous wave emis− sion. The Si−substrate with its better heat conductivities al− lows higher power levels with less temperature rise [16] .
Lowest threshold powers are obtained with quantum well (QW) structures. In addition, QW blue−shift the emis− sion wavelengths with values depending on the width of the wells. Figure 6 shows an example. Five PbSe QW~8 nm wide are embedded in a Pb .95 Eu .05 Se host of one wavelength l o optical thickness. The structure is grown on a BaF 2 sub− strate. Up to~600 mW p output power is achieved at~100 K operating temperature with 200 ns wide pulses, and Opto−Electron. Rev., 18, no. ~130 mW with 2.5 μs pulses. Threshold power is below 0.2 W (Fig. 7) . Laser emission is at~4.8 μm wavelength at this temperature. The corresponding wavelength for a "bulk" PbSe layer at the same temperature is~6.5 μm, the blue−shift therefore amounts to ~1.7 μm [17] .
Conclusions
Tunable resonant cavity enhanced devices (RCED) sensi− tive in the mid−IR range around 5 μm were fabricated with an epitaxial Bragg mirror and a thin p−n + heterojunction us− ing IV-VI epitaxial layers. Spectral tunability is achieved by moving the top MEMS micromirror, thus changing the cavity length and shifting the resonance wavelength. When fabricated as 2D arrays large adaptive focal plane arrays (AFPA) may be realized where the spectral response of each pixel or groups of pixels may be tuned individually during operation. The RCED have intended operation temperatures of 100-250 K. Above 200 K, they may be cooled thermo− electrically. At these higher temperatures their sensitivity is higher than the ultimate diffusion limit for band−band re− combination of a conventional photodiode with the same cut−off wavelength. Due to the much higher theoretical sen− sitivity limit for thin absorbing layers, further improvements are still possible by improving structural quality and processing.
Optically pumped vertical external cavity surface emit− ting lasers (VECSEL) with emission wavelength in the 4 to 5 μm range were fabricated employing IV-VI (lead chal− cogenide) materials. Substrates were BaF 2 as well as Si. The active layers are just about μm thick PbTe or PbSe, or PbSe QW embedded in Pb .95 Eu .05 Se barriers. The VECSEL ope− rate pulsed up to above RT when exciting with 1.55 μm pump lasers. CW operation up to 140 K is presently achie− ved even on Si substrates. RT CW operation will be possible when employing diamond heat spreaders. Output powers are at least in the mW range, thus making these VECSELs suited for tunable mid−IR laser spectroscopy.
The spectral range is shifted to shorter wavelengths by employing the blueshift of quantum wells or by alloying the active PbTe or PbSe layers with Sr or Eu. Longer wave− lengths result when alloying with Sn. The useful spectral range extends from < 3 μm up to > 20 μm using these ter− nary alloys of the IV-VI semiconductors.
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